Pyrococcus furiosus utilizes starch and its degradation products, such as maltose, as primary carbon sources, but the pathways by which these ␣-glucans are processed have yet to be defined. For example, its genome contains genes proposed to encode five amylolytic enzymes (including a cyclodextrin glucanotransferase [CGTase] and amylopullulanase), as well as two transporters for maltose and maltodextrins (Mal-I and Mal-II), and a range of intracellular enzymes have been purified that reportedly metabolize maltodextrins and maltose. However, precisely which of these enzymes are involved in starch processing is not clear. In this study, starch metabolism in P. furiosus was examined by biochemical analyses in conjunction with global transcriptional response data for cells grown on a variety of glucans. In addition, DNA sequencing led to the correction of two key errors in the genome sequence, and these change the predicted properties of amylopullulanase (now designated PF1935*) and CGTase (PF0478*). Based on all of these data, a pathway is proposed that is specific for starch utilization that involves one transporter (Mal-II [PF1933 to PF1939]) and only three enzymes, amylopullulanase (PF1935*), 4-␣-glucanotransferase (PF0272), and maltodextrin phosphorylase (PF1535). Their expression is upregulated on starch, and together they generate glucose and glucose-1-phosphate, which then feed into the novel glycolytic pathway of this organism. In addition, the results indicate that several hypothetical proteins encoded by three gene clusters are also involved in the transport and processing of ␣-glucan substrates by P. furiosus.
Pyrococcus furiosus is an obligately anaerobic, heterotrophic, hyperthermophilic archaeon that was isolated from a shallow hydrothermal vent near Vulcano Island, Italy (12) . The organism grows optimally near 100°C and is able to utilize a range of sugars as a primary carbon source (4, 11, 28, 29) . These include cellobiose (28, 43) , laminarin (43) , chitin (16) , maltose (29) , barley glucan (3), and starch (29) . However, the means by which these compounds are metabolized by P. furiosus are not well understood. In attempting to define the pathway by which starch, and one of its degradation products, maltose, serve as carbon sources, there are two complicating factors. First, the genome sequence of P. furiosus (36) contains an array of genes that encode putative glycosyl hydrolases and glycosyl transferases. With respect to starch, they include five enzymes that potentially hydrolyze ␣-glucans. Two of them (PF0477 and PF1935) have putative signal peptides and are presumably extracellular, while the other three (PF0272, PF0478, and PF1939) lack a signal peptide and are presumably intracellular. They are annotated as amylases (PF0272 and PF0477), amylopullulanases (PF1934 and PF1935), and cyclodextrin glucanotransferases (PF0478). The question is, are all of these enzymes involved in degrading starch? The pathway for utilizing maltose and maltodextrins, primary products of starch breakdown, is well defined in bacteria such as Escherichia coli (5) .
The P. furiosus genome contains homologs of virtually all of the genes involved in this process. However, the extent to which the pathways of maltose and/or maltodextrin metabolism differ between a mesophilic bacterium and a hyperthermophilic archaeon is not known.
The second complicating factor in understanding starch and maltose metabolism in P. furiosus is that, while the biochemical properties of several potentially relevant enzymes have been determined, their true physiological functions are typically far from clear. For example, the recombinant form of a putative extracellular ␣-amylase (PF0477), which produces maltooligosaccharides from starch, has been characterized (9, 25) , and an ␣-amylase closely related to PF0477 was characterized from the related species, P. woesei (13, 18, 27) . In addition, an extracellular starch-hydrolyzing amylopullulanase has been characterized from P. furiosus and from the related hyperthermophile Thermococcus litoralis (7) . An intracellular ␣-amylase (PF0272) has also been purified from P. furiosus (30) . This is puzzling since most ␣-amylases are extracellular enzymes and, although PF0272 reportedly hydrolyzes starch (30) , this was not the case with close homologs purified from T. litoralis (46) and T. kodakaraensis (42) . In fact, it has been proposed (46) that T. litoralis and P. furiosus use different enzymatic strategies to metabolize maltose. An additional issue is the enzyme that hydrolyzes maltose. An intracellular ␣-glucosidase is thought to be the enzyme that converts maltose to glucose in P. furiosus (8) but a homolog is not present in any bacterial pathway of maltose metabolism (5) . On the other hand, P. furiosus contains two homologs of the mal transporter found in E. coli, and although both have been characterized (29) , the extent to which they are differentially regulated in the presence of various sugars has not been studied.
Many questions therefore remain concerning the specific processes by which P. furiosus and related hyperthermophiles detect, process, and utilize starch and maltose. We have previously shown (38) by using whole-genome DNA microarrays that P. furiosus undergoes dramatic changes in its global transcriptional pattern when maltose rather than peptides is used as the primary carbon and energy source. We have expanded this approach here to ascertain how the organism responds to utilizing one of six different sugars as its carbon source. We have utilized the global transcriptional profiling data in combination with biochemical analyses and DNA sequencing to definitively describe the pathway by which P. furiosus metabolizes starch.
MATERIALS AND METHODS
Bioinformatics. Three programs were used for signal peptide prediction; SignalP (http://www.cbs.dtu.dk/services/SignalP/), SOSUI (http://sosui.proteome.bio.tuat.ac .jp/sosuisignal/sosuisignal_submit.html), and TargetP (http://www.cbs.dtu.dk/services /TargetP/). Proteins were considered to have a signal sequence if two of the three programs found a signal peptide. Classification of glycosyl hydrolases was done by utilizing the CAZY (Carbohydrate-Active enzymes [http://afmb.cnrs-mrs.fr /CAZY/]) database, and InterPro (http://www.ebi.ac.uk/interpro/) was used for functional motif or domain searches. For prediction of putative transmembrane domains (TMDs), three different programs were used: TSEG (http://www .genome.ad.jp/SIT/tsegdir/tseg_exe.html), SOSUI (http://sosui.proteome. bio .tuat.ac.jp/sosui_submit.html), and PRED_TMR2 (http://biophysics.biol.uoa.gr /PRED-TMR2/input.html). The number of TMDs was defined as the average number of the results from the three different programs.
Growth of Pyrococcus furiosus on glucans. P. furiosus (DSM 3638) was cultured anaerobically at 90°C on sea salts medium (SSM) with 1 g of yeast extract/ liter as described previously (38) . No elemental sulfur was added to the medium for any growth condition. Maltose, laminarin, cellobiose, starch, and chitin were obtained from Sigma (St. Louis, MO), and barley glucan was obtained from Megazyme (Wicklow, Ireland). Growth on chitin was performed as described previously (16) . Each glucan was added to the medium at a final concentration of 3.3 g/liter prior to inoculation. A 60-ml batch culture was used to inoculate 400 ml of SSM medium supplemented with each primary carbon source in a 1-liter Pyrex bottle. P. furiosus was grown at 90°C until early log phase, after which 1 ml of sample was removed periodically for cell density enumeration by epifluorescence microscopy with acridine orange staining (20) .
Microarray design. DNA primers were designed for all 2,065 open reading frames originally identified in the genome sequence of P. furiosus DSM 3638 based on sequence information found online at The Institute for Genomic Research site (http://www.tigr.org/tigr-scripts/CMR2/GenomePage3.spl?databaseϭ ntpf01). DNA primers were designed with similar annealing temperatures and minimal hairpin formation using Genomax 2.0 (Informax, Bethesda, MD). All primers were obtained from IDTDNA (Coralville, IA). Probes were amplified in a PTC-100 Thermocycler (MJ Research, Inc., Waltham, MA) using Taq polymerase (Boehringer, Indianapolis, IN) and genomic DNA isolated from cell cultures according to previously published protocols (37) . After amplification, PCR products were quantified, purified, and concentrated to a final concentration of 100 ng/l by using QIAquick PCR purification kits (QIAGEN, Valencia, CA). Purified PCR products were resuspended in 50% dimethyl sulfoxide, randomized with respect to genome order, dispensed evenly into microarray printing plates (Genetix, London, United Kingdom), and printed onto ULTRAGAPS aminosilane-coated microscope slides (Corning, Corning, NY) with a QArray-Mini Arrayer (Genetix). The DNA was attached to the substrate by UV cross-linking in a GS GeneLinker UV Chamber (Bio-Rad, Hercules, CA) at 250 mJ and then incubated in an oven at 75°C for 2 h. The desiccated slides were stored at room temperature in the dark until use.
RNA isolation. Cultures were inoculated with 0.5% (vol/vol) preculture. Cells were harvested in mid-exponential phase and centrifuged at 8,145 ϫ g for 22 min at 4°C. Cells were then resuspended in ice-cold SSM, divided into aliquots in 2.0-ml Eppendorf tubes, and centrifuged at 13,800 ϫ g for 30 s. The resulting pellets were resuspended in 85 l of cold TE buffer. Cells were disrupted in 625 l of lysis buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris [pH 8.0]). The lysate was passed through a 20-gauge needle to shear the genomic DNA, after which 62.5 ml of 2 M sodium acetate (pH 5.2) was added. An equal volume of acidic phenol-chloroform (5:1) was then added, the aqueous phase was extracted, and the RNA was ethanol precipitated overnight at Ϫ20°C. After a wash with 70% ethanol, the RNA pellet was resuspended in 10 mM Tris (pH 8.5) and passed through fiber filter columns from the RNAqeuous RNA isolation kit (Ambion). Integrity of the RNA was confirmed by visual inspection on 1.0% native agarose gels, as well as by measuring the A 260 /A 280 ratio with a DU 640 Spectrophotomer (Beckman Coulter, Inc., Fullerton, CA).
Generation of cDNA and hybridization. First-strand cDNA synthesis from total RNA proceeded through Stratascript (Stratagene, La Jolla, CA) and random hexamer primers (Invitrogen Life Technologies, Carlsbad, CA). During first-strand cDNA synthesis, 5-[3-aminoallyl]-2Ј-deoxyuridine-5Ј-triphosphate (aa-dUTP; Sigma) was incorporated as previously described (40) . The generated cDNA products were purified by using the QIAquick PCR purification kit (QIAGEN) and reacted with monoreactive cyanine-3 (Cy-3) and cyanine-5 (Cy-5) NHS-esters (Amersham Biosciences, Inc., Piscataway, NJ). Another round of purification was used to remove unincorporated dyes. Hybridizations and washes were performed as described previously (40) . The slides were scanned by using the Scanarray 4000 scanner (Perkin-Elmer, Fremont, CA). Signal intensity data for all experiments were extracted by using Scanarray software (Perkin-Elmer).
Mixed model analyses. Replication of treatments, arrays, dyes, and cDNA spots allowed the use of analysis of variance (ANOVA) models for data analysis (45) . Loop designs were constructed, and reciprocal labeling was utilized for all samples so that dye effects could be estimated. Spot intensities obtained from Scanarray were imported directly into SAS (SAS Institute, Cary, NC), and low-intensity or low-quality spots flagged by Scanarray were removed before further analysis. After local background subtraction and log transformation of spot intensities, a linear normalization ANOVA model (45) 
A gene-specific ANOVA model was then used to partition the remaining variation into genespecific effects using the model r ijklmn ϭ ϩ
Information on the statistical significance of expression changes, fold changes, pairwise volcano plots, and hierarchical clustering for all of the genes included on the array is available online (www.che.ncsu.edu/extremophiles/page5.html).
Recombinant protein expression and purification. Standard molecular biology techniques were performed as described previously (37) . The gene corresponding to PF0272 was amplified by PCR from genomic DNA using the primer pairs 5Ј-CAT GCCATGGGAGATAAAATTAACTTCATATTTG-3Ј and 5Ј-ATAAGAATG CGGCCGCTCCCGAGGCTTCCTCAAATTTTAG-3Ј. An NcoI site was incorporated into the forward primer, and a NotI site was incorporated into the reverse primer (underlined) for cloning into pET-28b(ϩ). A His-affinity tag of -AAALEHHHHHH was placed at the C terminus of PF0272, while the other proteins were expressed by using a modified form of the N-terminal His-tagged vector, pET24d. The vector was modified to have an N-terminal His tag (MAH HHHHHGS-) and BamHI and NotI sites were used for cloning (41) . In brief, recombinant proteins were purified by using a column (5 ml) of Histrap nickelaffinity resin using an AKTA explorer (GE Healthcare, Piscataway, NJ). After application of the cell extract, the column was washed with five column volumes of 20 mM phosphate buffer (pH 7.0), containing 500 mM NaCl, 10 mM imidazole, 5% (vol/vol) glycerol, and 2 mM dithiothreitol. The absorbed protein was eluted with a gradient of 0 to 500 mM imidazole over 20 column volumes. The major protein peak was collected and concentrated to 10 ml by ultrafiltration (10-kDa cutoff, Amicon Ultrafilters; Millipore, Bedford, MA), diluted 15-fold in 20 mM Tris buffer (pH 8.0) containing 5% (vol/vol) glycerol and 2 mM dithiothreitol, and then applied to a column (5 ml) of Q Sepharose (GE Healthcare). The column was washed with 5 column volumes of the same buffer, and the bound protein was eluted with a 0 to 1 M NaCl gradient over 20 column volumes. The major protein was concentrated to 5 ml (10-kDa cutoff, Amicon) and applied to a 16/60 column of Superdex75 (GE Healthcare) equilibrated with the same Tris buffer. The major protein peak was collected and concentrated to a volume of 1 ml by ultrafiltration (10-kDa cutoff; Amicon). The protein concentration was estimated by the absorption at 280 nm using a calculated extinction coefficient. PF1256 was expressed by using the OverExpress C43(DE3) E. coli strain, which has been used for the production of membrane proteins (Avidis SA, St Beauzire, France). Cultures (5 liters) were grown in LB medium, and the expression of PF1256 was induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at an optical density at 600 nm of 1.0. Cells were harvested by centrifugation for 15 min at 10,000 ϫ g and suspended in 100 ml of 10 mM imidazole buffer (pH 8.0), containing 20 mM sodium phosphate (pH 7.5), and 0.3 M NaCl. The cells were lysed by sonication for 5 min. Cell debris was removed by centrifugation for 30 min at 10,000 ϫ g. The supernatant was then centrifuged at 125,000 ϫ g for 2 h. The pellet was collected and then washed and centrifuged twice at 125,000 ϫ g for 2 h using 20 mM phosphate buffer (pH 7.0) containing 300 mM NaCl and 2 mM dithiothreitol. The pellet was solubilized with ␤-octyl-D-glucopyranoside (OG, 0.8%) and stirred overnight at 4°C. The membrane fraction was recovered by centrifugation at 125,000 ϫ g for 2 h. The recombinant protein was purified as described above for the other recombinant proteins except that all of the buffers contained OG (0.8%). DNA sequencing was performed by Integrated Biotech Laboratories (IBL) of the University of Georgia. The sequences of PF0478* and PF1935* have been deposited with respective accession numbers DQ192528 and DQ192527.
Native protein purification and enzyme assays. P. furiosus was grown in a 20-liter custom fermentor at 95°C in a medium containing casein and maltose as the primary carbon sources (32) . The cellular cytosolic fraction was obtained as described previously (32) and was loaded onto a column (5 by 12 cm) of DEAESepharose Fast Flow equilibrated with buffer A (50 mM Tris-HCl [pH 7.8], containing 2 mM dithiothreitol and 2 mM sodium dithionite). The column was eluted with a linear gradient (1.2 liter) of 0 to 0.6 M NaCl in buffer A, and 50-ml fractions were collected. The fraction showing 4-␣-glucanotransferase and ␣-glucosidase started to elute as 0.4 M NaCl was applied to the column. The active fractions were combined (250 ml) and loaded onto a column (5 by 10 cm) of hydroxyapatite (Bio-Rad) equilibrated with buffer A. The column was eluted with a 1.0-liter linear gradient (0 to 0.5 M potassium phosphate) in buffer A with a flow rate of 4 ml/min. The fraction showing 4-␣-glucanotransferase and ␣-glucosidase started to elute as 0.25 M and 0.35 M potassium phosphate were applied to the column, respectively. The standard reaction mixture (300 l) for the 4-␣-glucanotransferase assay contained the appropriate substrates in 100 mM morpholinepropanesulfonic acid (MOPS; pH 7.0) and recombinant PF0272 (20 g). The substrates used (and their final concentrations) were maltose (20 mM), maltotriose (20 mM), maltotetraose (10 mM), maltopentaose (10 mM), maltohexaose (10 mM), and maltoheptaose (10 mM). The reaction was carried out at 90°C for the desired time (see Results), and the products of the reaction were applied to silica gel plates (Kiesel gel 60 F 254 ; Merck, Rahway, NJ) with nbutanol-ethanol-water (5:3:2 by volume) as the mobile phase. The plates were dipped into ethanol containing H 2 SO 4 (10% [vol/vol] ) to visualize the carbohydrate spots. The hydrolysis of p-nitrophenyl-glucopyranoside (PNPG), the typical artificial substrate for ␣-glucosidase, was measured at 90°C by evaluating the formation of p-nitrophenol and monitoring the absorbance at 405 nm. The reaction mixture (500 l) contained 10 mM PNPG in 100 mM MOPS buffer (pH 7.0). The reaction was started by the addition of recombinant PF1256 (80 g).
RESULTS AND DISCUSSION
Starch utilization. The hydrolysis of starch by P. furiosus takes place in the extracellular medium and the resulting maltodextrins and maltose are taken up in to the cell (6, 7).
A total of five genes in the P. furiosus genome have been annotated as encoding amylases or enzymes that hydrolyze ␣-glucans (PF0272, PF0477, PF0478, PF1935, and PF1939). The first question to be addressed is which of these enzymes are actually utilized by P. furiosus to degrade starch. Previous studies have shown that P. furiosus, when grown on starch or maltooligosaccharides, produces an extracellular amylopullulanase (7). The gene for this enzyme was reported to encode a protein of 853 amino acids (10) , but the corresponding gene in the genome sequence (PF1935) encodes 985 amino acids (Fig. 1) . Moreover, the PF1935 protein is still smaller than the proteins encoded by the corresponding genes in Pyrococcus abyssi (NCBI accession number PAB0122, 1,362 amino acids) and T. litoralis (BAC10983, 1,089 amino acids, see Fig. 1 ). In order to clarify this, the region adjacent to PF1934 was amplified by PCR and the PCR products were sequenced (data not shown). These results indicated an error in the original genome sequence between PF1934 and PF1935. The correction combines PF1935 and PF1934 into one continuous gene, now termed PF1935*. The calculated molecular mass of PF1935* (124,395 Da, without the signal peptide) more closely corresponds to the estimate of 110 kDa for the amylopullulanase originally purified as PF1935 (6) . As shown in Fig. 2 , as determined by microarray analysis, the expression of what was originally annotated as PF1935 (and PF1934) is dramatically upregulated when starch or maltose is the carbon source, rather than chitin, cellobiose, laminarin, or barley glucan. Similarly, the expression of what was originally annotated as PF1935 (and PF1934) increased almost fivefold when P. furiosus cells were grown on maltose rather than peptides (Table 1) . Thus, all of the expression as well as the biochemical data are consistent with what is now designated PF1935* being the major enzyme responsible for starch degradation.
What are the catalytic activities and physiological functions of the other four genes annotated as encoding ␣-glucan-hydrolyzing enzymes in P. furiosus? In the case of PF0477, this does indeed appear to be an extracellular amylase. The recombinant form has been characterized by two different groups (9, 25) and was shown to hydrolyze starch to maltooligosaccharides. How- (6, 7, 25, 27) , the native enzyme (PF0477) has not been characterized. Accordingly, our DNA microarray analyses show that PF0477 is not expressed to any significant extent when starch, maltose, or any other of the six sugars are used as a carbon source (consequently, PF0477 could not be included in the mixed model analysis). The function of PF0477 is therefore not clear at present, although it does not appear to be involved in starch metabolism. In fact, its expression is dramatically upregulated when cells are grown on peptides (Table 1) , a result that presumably correlates with the amylase activity measured in peptide-grown cells (38) . Although the significance of this remains to be elucidated, one possibility is that when polysaccharides become available during peptide-dependent growth, PF0477 generates oligosaccharides, which then induce the corresponding pathways to convert the oligosaccharides to glucose.
The protein encoded by the adjacent gene, PF0478, is also annotated as an amylase. However, it is more similar to proteins that hydrolyze linear polysaccharides and synthesize cyclic forms. Specifically, PF0478 shows 64 and 39% sequence identity with the extracellular cyclomaltodextrin glucanotransferases (CGTases) of Thermococcus kodakaraensis KOD1 (35) and Thermococcus sp. strain B1001 (19) , respectively. Surprisingly, PF0478 is not predicted to contain a signal sequence by the SignalP, TargetP, and SOSUI programs. Resequencing of PF0478 and the surrounding region revealed an additional base pair that was not present in the genome sequence, which results in an N-terminal extension to the protein. The corrected PF0478, termed PF0478*, now consists of 722 amino acids, which is 32 amino acids longer than the original (see Fig.  1 ). Moreover, the protein is now predicted to contain a signal sequence and, hence, to be an extracellular protein. However, PF0478* appears not to be directly involved in the metabolism . The average least-squares mean estimate across all included genes for growth on a single substrate is 0, where genes with positive least-squares mean estimates are above the average for that substrate and genes with negative least-squares mean estimates are below the average for that substrate. Differences between least-squares mean estimates for pairs of treatments represent log 2 -transformed fold changes. The sugars are represented as follows: laminarin (LA), dotted bar; barley glucan, horizontal bars; cellobiose, gray; chitin, diagonal bars; maltose, white; soluble starch, solid black. The expression of PF1937 in the Mal-II cluster is not included. PF1934 and PF1935 refer to the genes in the original genome annotation and not to PF1935*.
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of starch or maltose or any of the other sugars under study. As shown in Fig. 3 , its expression is not affected by starch or maltose, and it appears to be unregulated. Similarly, its expression was not significantly affected when cells were grown on maltose rather than peptides ( Table 1 ). The function of PF0478* is therefore unknown at present. The recombinant version of the fourth amylase-like gene in P. furiosus, PF1939, has been characterized (47) . The enzyme showed cyclodextrinase and pullulanase activity, as well as ␣-amylase activity. The function of PF1939 is also unclear, but it is not regulated by any of the six sugars, nor is it upregulated in maltose-grown relative to peptide-grown cells (Table 1) , and it seems unlikely to be directly involved in starch or maltose degradation. We propose that PF1939 is the intracellular counterpart of PF0478* and hydrolyzes cyclodextrins generated by PF0478* to glucose and maltodextrins.
The product of the fifth amylase-like gene in P. furiosus, PF0272, has been purified from native biomass, and it was reported to be an intracellular amylase (30) . As shown in Fig.  3 , its expression is dramatically upregulated on starch and maltose relative to cellobiose, chitin, barley glucan, and laminarin. In fact, its expression is one of the most dramatically upregulated when cells are grown on maltose rather than peptides (Table 1) . However, as discussed below, PF0272 does not appear to catalyze starch degradation, even though it does play a key role in starch and maltodextrin metabolism. All of the evidence suggests, therefore, that a single enzyme, an amylopullulanase (PF1935*), is the major starch-hydrolyzing enzyme in P. furiosus. This is similar to the situation in bacteria that can use starch as a carbon source for growth, such as Klebsiella pneumoniae (39) . On the other hand, such an enzyme is absent from E. coli, since this organism cannot utilize starch.
Uptake of maltodextrins and maltose. P. furiosus contains two homologs of the so-called mal transporter that transports maltose in E. coli. One is the Mal-I transporter (PF1739 to PF1741, PF1744), which in P. furiosus has been shown to recognize and transport maltose and trehalose but not maltotriose or longer maltooligosaccharides (29) . The second transporter (Mal-II; PF1933, PF1936 to PF1938) is specific for maltooligosaccharides, but it does not transport maltose and trehalose. Accordingly, we found that most of the genes of the Mal-II cluster are specifically upregulated on maltose and starch (PF1934 to PF1936 and PF1938) but not on any of the other four sugars (Fig. 2B) . PF1933 is also induced by starch and maltose but less specifically, and PF1937 was not expressed at all on the six sugars tested. The genes of Mal-I are also upregulated on the sugars, laminarin, cellobiose, and chitin but not on barley glucan (Fig. 2A) . Mal-II is therefore the major transporter of starch degradation products, whereas Mal-I is an additional transporter for maltose (and trehalose).
Although Mal-II is induced only by maltose and starch, consistent with it being a specific maltodextrin transporter, Mal-I is induced by every sugar investigated, although it only transports maltose and trehalose. This type of transporter is relatively rare, since the only other known examples of an ABC transporter able to transport maltose and trehalose are found in T. litoralis (21) and Sinorhizobium meliloti Agl (44) . Mal-I cannot transport sucrose, while the S. meliloti Agl system transports sucrose, as well as maltose and trehalose.
Degradation of maltodextrins and maltose. The two major intracellular enzymes for the degradation of maltose and maltodextrins in E. coli are MalQ (4-␣-glucanotransferase) and MalP (maltodextrin phosphorylase). Both of these pro- teins have homologs in P. furiosus: PF0272 and PF1535, respectively. As mentioned above, the expression of PF0272 is one of the most dramatically upregulated within the genome when cells are grown on maltose rather than peptides (Table 1) . PF0272 is also highly upregulated on maltose and starch relative to the other four sugars tested (Fig. 3) . The same is true for PF1535 (Fig. 3) , although it is less upregulated in maltose-grown versus peptide-grown cells (2.5-fold) than is PF0272 (26-fold). Thus, as shown in Fig. 4 , we propose that PF0272 generates glucose from maltodextrins and maltose, while PF1535 converts maltodextrins to glucose-1-phosphate. Note that this is contrary to what was previously proposed for P. furiosus by us (8) and others (46) . The previous pathway was based in part on the assumption that PF0272 functions as an intracellular ␣-amylase (30, 31) . The protein does show high sequence similarity to the amylase from an anaerobic bacterium (46) , and both the native and recombinant forms of the P. furiosus enzymes were reported to be able to convert starch to glucose, maltose, and maltodextrins. Since these data are not consistent with the proposed role of PF0272 (Fig. 4) , we also cloned the gene and the obtained the recombinant protein. As shown in is not able to hydrolyze starch to maltooligosaccharides under our experimental conditions. However, it did exhibit 4-␣-glucanotransferase activity (Fig. 5A ) in the presence of glucose and maltose (lanes 2 and 3), although not with trehalose, cellobiose, or sucrose. Therefore, we propose that PF0272 is not an ␣-amylase but a 4-␣-glucanotransferase. In further support of this assignment, the protein shows between 64 and 69% sequence similarity with the 4-␣-glucanotransferases of T. kodakaraensis and T. litoralis, respectively (24, 42) . The question arises as to the substrate range of PF0272 and its mechanism of action in vivo. As shown in Fig. 5B , the enzyme is not able to hydrolyze maltose directly, although it will use maltose, as well as glucose, as a glucan acceptor (Fig.  5A ). In this respect PF0272 resembles MalQ of E. coli. Mutants of E. coli lacking this gene cannot grow on maltose since the smallest substrate utilized by MalQ is maltotriose (34). Boos and Shuman (5) suggested that the primers needed for E. coli MalQ are bound to the purified enzyme, and thus it is able to process maltose, even though it needs a glucan acceptor. To investigate whether this was also the case for P. furiosus, a cell extract of cells grown in the presence of maltose was found to exhibit 4-␣-glucanotransferase activity even with maltose as the substrate (Fig. 6) . However, the maltose-dependent activity was lost after the protein responsible for the activity was subjected to two steps of column chromatography, a finding consistent with the loss of primers during the purification (Fig. 6) . The nature of the glucan that serves as the primer for PF0272 in vivo is not known. Possible sources of the primer are precursors or breakdown products of glycogen or other endopolysaccharides (17) .
In contrast to PF0272 and E. coli MalQ, the 4-␣-glucanotransferase of T. litoralis was reported to convert maltose to glucose and maltodextrins (46) . The structure of the T. litoralis enzyme was recently solved (22) , and it consists of two domains. The catalytic domain I shows high sequence similarity (79%) to that of PF0272, but the other domain (of unknown function) is much less similar (45%). It is not clear whether the apparent difference in substrate specificity between the P. furiosus and T. litoralis enzymes is related to the differences in the nature of their second domains.
We propose that the maltodextrins generated by PF0272 are converted to glucose-1-phosphate by PF1535, which functions as a maltodextrin phosphorylase, using inorganic phosphate as the phosphate donor (see Fig. 4 ). The PF1535 protein shows 70% identity with the MalP of T. litoralis (46) . As shown in Fig. 7 , PF1535 can use G4 or longer maltodextrins as substrates for producing glucose-1-phosphate, while E. coli MalP uses G5 or longer as substrates. Glucose-1-phosphate is converted to glucose-6-phosphate by phosphoglucose mutase (PF0588), and the glucose produced by PF0272 is converted to glucose-6-phosphate by PF0312, a novel ADP-dependent glucokinase (26) . The expression of both PF0312 and PF0588 is slightly upregulated (1.6-and 2.1-fold, respectively) when cells are grown on maltose rather than peptides, whereas these genes are not differentially regulated to any significant extent by any of the six sugars (Table 1 and Fig. 3) .
The pathway shown in Fig. 4 does not include a role for an ␣-glucosidase, the enzyme that converts maltose to two glucose molecules. Most ␣-glucosidases characterized thus far belong to glycosyl hydrolase family 4 (GH4) or GH31, but the P. furiosus genome lacks a hydrolase of this type. However, Costantino et al. (8) purified from P. furiosus biomass a protein that showed ␣-glucosidase activity, and this was identified by using N-terminal sequencing as the product of gene PF0132. This protein does not show sequence similarity to any known ␣-glucosidase or any characterized protein and represents a new family of glycosyl hydrolases. The physiological function of this protein is unclear, however, since the N-terminal sequence of the sucrose ␣-glucohydrolase (invertase) that was purified from P. furiosus (2) also corresponds to PF0132. A specific role for PF0132 in starch and maltose metabolism seems unlikely since it appears to be constitutively expressed (Fig. 3) . It is not differentially regulated by any of the six sugars studied, including maltose, nor does it show a change in regulation when maltose rather than peptides are the primary carbon source (Table 1) . Moreover, the pathway shown in Fig. 4 does not specifically require an enzyme that produces glucose from maltose. PF0132 seems to be expressed at a high level regardless of the carbon source, suggesting that it is an essential enzyme that has an as-yet-unknown role in general carbohydrate metabolism regardless of the growth substrate.
Alternative pathways for starch and maltose metabolism. Although the pathway for starch to glucose conversion that is shown in Fig. 4 is consistent with the biochemical and transcriptional data, there are several other enzymes annotated in the genome that might a priori be expected to play a role in starch metabolism. For example, the P. furiosus genome contains a gene annotated as encoding a cyclomaltodextrin glucanotransferase (CGTase; PF0478*). This catalyzes the formation of cyclodextrins from starch and shares high sequence similarity with amylases (23) but appears to be expressed at low levels and is not regulated by any starch or maltose (Table 1) . Similarly, as mentioned above, the intracellular cyclomaltodextrinase in P. furiosus (PF1939) is not regulated by maltose and starch (Table 1) . Hashimoto et al. (19) have proposed that Thermococcus sp. strain B1001 possesses a unique starch utilization pathway, which includes extracellular synthesis, transmembrane uptake, and intracellular degradation of cyclodextrins. P. furiosus has homologs (Mal-II transporter, PF1939, and PF0478*) of the genes involved in cyclodextrin metabolism in Thermococcus sp. strain B1001. However, we conclude that cyclodextrin formation is not the major pathway of starch degradation in P. furiosus because these enzymes are not differentially regulated in response to starch or maltose with respect to other sugars or to peptides.
Finally, in addition to the ␣-glucosidase discussed above (PF0132), the P. furiosus genome contains another putative FIG. 7 . Substrate specificity of recombinant PF 1535 (maltodextrin phosphorylase). Thin-layer chromatograms are shown after recombinant PF1535 (20 g) was incubated in 100 mM potassium phosphate buffer (pH 7.0) with 20 mM glucose (G1), 20 mM maltose (G2), 20 mM maltotriose (G3), 10 mM maltotetraose (G4), 10 mM maltopentaose (G5), 10 mM maltohexaose and 10 mM maltoheptaose (G7), and 1.0% starch (St) for the indicated periods. Glucose-1-phosphate (G1P) was also applied as a standard and its point of migration is indicated by the arrow. ␣-glucosidase encoded by PF1256. This shows high sequence identity (43%) to the ␣-glucosidase that was recently identified in Thermococcus hydrothermalis by functional complementation of a Saccharomyces cerevisiae mal11 mutant (15) . Surprisingly, no similarity was found between the T. hydrothermalis enzyme and any known glycosyl hydrolase. However, our analyses indicate that PF1256 and T. hydrothermalis ␣-glucosidase are membrane bound since they are predicted to contain four and three transmembrane domains, respectively (predicted by SOSUI). This proved correct in the case of PF1256 because the recombinant form was associated with the membrane fraction of E. coli (data not shown). The partially purified recombinant protein did not hydrolyze maltose or trehalose, nor did it exhibit glycosyl hydrolase activity (using p-nitrophenyl-␣-D-glucopyranoside as the substrate). Regardless of function, it seems unlikely that PF1256 is involved in starch or maltose metabolism since it appears to be expressed at a low level and it was not differentially regulated by any one or more of the six sugars nor during growth on maltose and peptides (Table 1) .
Additional genes whose expression is differentially regulated on starch and maltose. Although the major pathway shown in Fig. 4 is sufficient to convert extracellular starch to intracellular glucose-6-phosphate, the DNA microarray analyses indicate that there are several other gene products that are involved in the metabolism of starch and maltose. Those differentially upregulated on one or both sugars relative to laminarin, barley glucan, cellobiose, and chitin are listed in Table 2 . They include three gene clusters, each containing two genes. There is evidence that all three clusters may be involved in binding and transporting starch and/or maltose. In fact, one of the clusters, PF1109 and PF1110, represents the most highly upregulated genes on both starch and maltose. Both genes are annotated as encoding hypothetical proteins, but both are predicted by InterPro to contain carbohydrate binding family 9 (CBD9) domains. The CBD9 domain can bind cellulose, xylan, and a range of soluble di-and monosaccharides and is found in cellulose-and xylan-degrading enzymes (33) . However, in P. furiosus these two genes are highly downregulated on cellobiose and barley glucan. One of these proteins (PF1109) is predicted to be membrane associated; however, a potential role in ␣-glucan metabolism remains unclear. The second gene cluster contains PF1748 and PF1749, which are both predicted to encode transmembrane permeases (ABC transporters). These are also upregulated specifically on maltose and starch and, apparently coincidentally, are adjacent, but not linked, to the Mal-I operon. The third gene cluster contains PF0261 and PF0262, and this is upregulated by maltose but not starch. Both genes are predicted to be membrane associated, and PF0262 is a member of the AcrB family of multidrug efflux transporters.
These data therefore suggest that the recognition and transport of starch and maltose is not simply the responsibility of the Mal-I and Mal-II systems and that other proteins are involved. On the other hand, from the transcriptional analyses, there appears to be no need to invoke anything but a very simple pathway for the utilization of starch, maltodextrins and maltose. This involves only three enzymes, amylopullulanase (PF1935*), 4-␣-glucanotransferase (PF0272), and maltodextrin phosphorylase (PF1535). These generate glucose and glucose-1-phosphate, which then feed into the novel glycolytic pathway of this organism (Fig. 4) . Close homologs of these enzymes are also found in Thermococcus kodakaraensis, the only other starch-metabolizing, hyperthermophilic archaeon whose genome sequence is available (1, 14) . Current efforts with P. furiosus are focused on the roles of open reading frames that respond to other ␣-glucan substrates to determine their possible roles in carbohydrate utilization, in addition to deciphering the mechanisms of ␤-glucan processing by this archaeon.
